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ABSTRACT: In this paper, the impact of beam-beam effects on the precision luminosity measure-
ment at the International Linear Collider is investigated quantitatively for the first time. GUINEA-
PIG, a beam-beam interaction simulation tool, is adapted to treat the space charge effects affecting
the Bhabha events used in this measurement. The biases due to the resulting changes in kinematics
are evaluated for different center-of-mass energies and beam parameters.
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1. Introduction
A way to determine luminosity at the International Linear Collider (ILC) is to measure the event
rate of the Bhabha scattering process in a finely segmented calorimeter (LumiCal) at very low polar
angles in the very forward region of the ILC detector. An absolute precision between 10−4 and 10−3
is needed for a number of key physics measurements [1, 2]. Besides theoretical uncertainties on the
cross section of the Bhabha process [3] and different experimental errors when identifying Bhabha
events in the LumiCal [4], the very strong beam-beam space charge effects which characterise
the ILC e+e− collisions can lead to large biases in the counting rate. These must be corrected
accurately enough not to limit the precision of the luminosity measurement.
In this paper, Bhabha event samples produced with the BHLUMI event generator [5] are used
in the context of the GUINEA-PIG beam-beam interaction simulation [6], to study how the ex-
perimental selections specified to determine the ILC luminosity are affected by beam-beam space
charge effects. After recalling the basic principle of the luminosity measurement, the procedure de-
veloped to account for beamstrahlung radiation and electromagnetic deflections in the computation
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of the final state and the corresponding implementation in a modifed version of the GUINEA-PIG
program are described. The magnitude of the different resulting biases and their dependencies on
the choice of experimental selection cuts are then evaluated for the first time. A data-driven cor-
rection method to minimise the part of the bias induced by beamstrahlung is also suggested and
discussed, based on determining the luminosity spectrum within the LumiCal. Finally, expected
residual uncertainties after corrections are estimated for a representive set of beam parameters and
centre-of-mass energies specified at the ILC.
2. Input parameters and overview of procedure
Experimentally, the integrated luminosity Lint of a e+e− collider such as the ILC can be measured





where σBh is the cross section for the Bhabha process computed within this angular acceptance.
To study the biases induced by beam-beam space charge effects, a sample of Bhabha events is
first produced with BHLUMI (version 4.04), a multiphoton Monte-Carlo event generator for small-
angle Bhabha scattering including O(α) radiative corrections [5] and providing four-momenta of
outgoing electron, positron and photons. The center-of-mass energy is 500 GeV and the scattering
angles are generated in the range 25 mrad < θ < 90 mrad.
The four-momenta of the two charged final state particles of a generated event are then read
into GUINEA-PIG and associated to one of the e+e− interactions occuring during the simulated
bunch collision. An arbitrary event selection probability is used at this stage to obtain a final
sample of desired size. This allows using GUINEA-PIG to compute the subsequent electromag-
netic transport through the remaining part of the colliding bunch and to obtain the distribution of
the resulting deflections with the appropriate luminosity weighting. To take into account beam-
strahlung emission and electromagnetic deflections of the particles prior to the hard interaction,
the generated Bhabha events must be rescaled and boosted from the centre-of-mass system of the
considered e+e− interaction to the laboratory frame and an appropriate rotation of the coordinate
system should be applied.1 By applying such transformations, new four-momenta are successively
obtained for the final state particles and are used to quantify the impact of the different effects.
A basic experimental selection of Bhabha events is obtained by requiring the coincidence of an
electron and a positron in a back-to-back topology, with polar angles within 30 mrad < θ < 75 mrad
and energies larger than 0.8 Ebeam. This basic selection is used in the studies presented below, along
with an improved version optimised to reduce the biases from the studied space-charge effects (see
section 3.3.1). The Nominal ILC beam parameters shown in table 1 were used for most results.
1The treatment assumes that the hard Bhabha process can be factorised from the softer interactions in the space
charge of the bunch.
– 2 –
2007 JINST 2 P09001
Ecm N Nb βx/βy γεx/γεy σx/σy σz
[GeV] [1010] [mm] [10−6m.rad] [nm] [µm]
Nominal 500 2 2820 21.0/0.4 10.0/0.040 655/5.7 300
Low Power 500 2 1330 10.0/0.2 10.0/0.035 452/3.8 200
Table 1. Nominal and Low Power ILC beam parameters. Ecm is the center-of-mass energy of the collision,
N the number of particles per bunch, Nb the number of bunches per train, βx,y the beta functions at the
interaction point, γεx,y the normalised emittances and σx,y,z the RMS bunch dimensions at the interaction
point.
Figure 1. Cross section of the Bhabha process as a function of polar angle obtained from the BHLUMI [5]
generation.
3. Effect of beam-beam space charge on Bhabha scattering












where α is the fine-structure constant, s the center-of-mass energy squared and θ the scattering
angle. In the angular range between 30 and 75 mrad, this cross section amounts to approximately 4
nb at 500 GeV, corresponding to about 4.5 ·10−3 event per bunch crossing. It is shown as a function
of θ in figure 1.
3.1 Beamstrahlung radiation
Prior to the hard Bhabha scattering, the interacting particles are likely to have been deflected by
the space charge of the opposite bunch and their energies reduced due to the emission of beam-
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Figure 2. Effective center-of-mass energy spectrum of the scattering.
strahlung. To take into account the cross section dependence with s, the probability used to pro-
duce Bhabha scattering events during the beam-beam collision is rescaled by s/s′, where s′ is the
effective centre-of-mass energy (shown in figure 2). The four-vectors of the Bhabha event particles
are also rescaled by
√
s′/s, to satisfy energy and momentum conservation, as well as boosted from
the centre-of-mass system of the two interacting particles to the laboratory frame. Finally the coor-
dinate system is rotated to take into account the deflection angles of the interaction particles in the
initial state.
Just like the initial state radiation present in the initial sample generated with BHLUMI, the
beamstrahlung emissions often occur asymmetrically, with either the electron or the positron loos-
ing most of the energy. Hence the acollinearity of the final state can be significantly enhanced. This
is illustrated in figure 3, where the distributions of the polar angles of the two final state particles are
shown in the range of the LumiCal acceptance, both for the initial sample generated with BHLUMI
and after the boosting procedure. As can be seen, this enhances the acollinearity such that many
of the events, initially within the defined angular acceptance of 30-75 mrad, corresponding to the
basic selection cuts, migrate outside, hence significantly reducing the counting rate. This reduction
is only due to energy losses. For ideal bunches colliding head-on, the rotations of the coordinate
system applied to the final state particles produce negligible effects on counting rates.
3.2 Electromagnetic deflections
Given the transverse and longitudinal bunch sizes at the ILC (see table 1), the final state particles
scattered in the acceptance of the LumiCal following a Bhabha interaction can typically cross a
significant part of the opposite bunch. They can thus be focused by the electromagnetic field from
the corresponding space charge. In the GUINEA-PIG simulation, the existing procedure to track
secondary charged particles can be used conveniently to predict both the final deflection angle and
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Figure 3. Polar angles of the final state positrons versus the electrons which were initially within the ac-
ceptance cuts specified in section 2 (left) and their value after accounting for beamstrahlung radiation of the
interacting particles in the initial state (right).
any additional radiation.
The resulting changes in scattering angles are displayed in figure 4, where the differences be-
tween the initial polar angles before including the electromagnetic deflection, θ1 and the final ones
including it, θ2 are shown as a function of θ1. The typical magnitudes of the induced electromag-
netic deflections are a few 10−2 mrad, with the largest values at the lower edge of the LumiCal
acceptance. Small energy losses due to radiation are also found.
3.3 Impact on Bhabha counting rate in the LumiCal
Both the beamstrahlung radiation and electromagnetic deflection effects described above lead to a
suppression of the Bhabha counting rate in the defined experimental acceptance in comparison to




where Ninit and Nfinal are the numbers of Bhabha events selected within the specified cuts, respec-
tively before and after including the different transformations to take into account effects from the
beam space charge.
The magnitude of BHSE is shown in table 2 for each effect, using the set of basic cuts listed
in section 2. The resulting bias on the Bhabha counting rate, and thus on the integrated luminosity
measurement, is of the order of −4.5%. This large effect is sensitive to beam parameters and
must be corrected through an experimental procedure allowing to adequately probe and monitor
the different beam-beam effects. It should be noted that this is very different from the case of the
bias induced by quantum electrodynamical effects such as final and initial state radiation, which
can be computed theoretically with good accuracy, for example in the context of event generators
such as BHLUMI [3].
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Figure 4. Change in Bhabha scattering final state polar angle due to the deflection induced by the space
charge of the opposite bunch as a function of the polar angle at production.




Table 2. Contributions to BHabha Suppression Effect (BHSE) from the different sources discussed (see
text), computed within an angular acceptance from 30 to 75 mrad and requiring each scattered particle to
have more than 80% of the beam energy.
Before discussing a data-driven correction method aimed at the larger of the two effects in
table 2 (arising from beamstrahlung) and before evaluating the dependence on beam parameters
and the residual sensitivities which can be expected, it is shown below how the BHSE can be
reduced using more convenient selection cuts.
3.3.1 Improved event selection procedure
Beamstrahlung radiation emitted prior to the hard Bhabha scattering enhances the acollinearity
between the two final state charged particles. The experimental acceptance of the LumiCal, on the
other hand, naturally favours collinear events when defined with symmetrical angular cuts. For
this reason, asymmetrical angular cuts, first introduced by the LEP experiments [7 – 10] and later
adapted for ILC [4] are advantageous to minimise the BHSE and the resulting biases.
In the same line of thought, applying identical energy cuts to both final state charged particles
is non-optimal since, as already noted, beamstrahlung emission prior to the hard scattering often
occurs asymmetrically. The sensitivity of the different contributions to the BHSE to the energy cut
is illustrated in figure 5. As can be seen, mostly the contribution from beamstrahlung is affected:
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Table 3. Contributions to BHabha Suppression Effect (BHSE) from the different sources discussed (see
text), computed with the asymmetrical selection cuts for the final state particle angles and energies specified
in equations (3.3) and (3.4).
setting the cut at 80% of the beam energy multiplies it by more than a factor five as compared to
only applying angular cuts, while it doubles the contribution from electromagnetic deflections. The
advantage of using asymmetrical cuts also for the energies is best illustrated in the two-dimensional
scatter plot in figure 6, where one can see that it is more natural to choose a global energy cut based
on the sum of the final state energies rather than individual ones.
As an illustration of the reduction in sensitivity which can be achieved, the following asym-
metrical selection cuts for the angles and energies of the final state particles were applied:
30 mrad < θ+/− < 75 mrad and 26.2 mrad < θ−/+ < 82 mrad ,2 (3.3)
E−+ E+ > 0.8
√
s , (3.4)
where the two sets of angular cuts are applied randomly, respectively to either the electron and
positron, or vice-versa. As shown in table 3, applying these new cuts reduces the total Bhabha
suppression effect by about a factor three.
4. Luminosity spectrum reconstruction
In this section, a data-driven correction method is suggested for the main component of the bias
induced on the Bhabha counting rate by beam-beam effects, i.e. that which arises from the radiation
of beamstrahlung by the interacting particles prior to the hard scattering (see tables 2 and 3). This
method is based on reconstructing the luminosity spectrum from the measurement of the polar
angles of the final state charged particles. Using energy-momentum conservation, it can be shown,






1−2 sin(θ1 + θ2)






s′ are, respectively, the nominal and effective centre-of-mass energies and θ1,2 are
the angles defined relatively to the direction of the emitted photons (such that θ1 + θ2 > pi).
The left-hand side of equation (4.1) is calculable theoretically from the four-momenta within
the simulation while the right-hand side is accessible experimentally from the angles measured in
the LumiCal. Both are referred to below respectively as xth and xrec. Both quantities are shown
2This corresponds to the LumiCal angular acceptance as it is defined in the context of the TESLA TDR [1].
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Figure 5. Absolute value of BHabha Suppression Effect (BHSE) as a function of the cut on each of the
energies of the final state particles, normalised to the beam energy. The effects are shown separately after
solely modifying the initial state prior to the Bhabha scattering (continuous line), solely implementing post-
scattering electromagnetic deflections (dashed line) and for both effects combined (top dotted line).
Figure 6. Energy of the positron versus energy of the electron for each the Bhabha events passing the angular
cuts defined in equation (3.3).
in figure 7, at the different stages of the treatment. It is noteworthy that the reconstructed lumi-
nosity spectrum is almost not modified by the electromagnetic deflections, while the effect from
beamstrahlung is as expected clearly visible.
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Figure 7. Theoretical (left) and experimental (right) ratios of luminosity spectrum for the differents stages
in the treatment of Bhabha events to take into account beam-beam effects: initial sample from the BHLUMI
generator, with initial state radiation but without any beam-beam effects (continuous thick line), after includ-
ing beamstrahlung radiation and rotation of the coordinate system prior to the hard scattering (continuous
thin line) and after including also post-scattering electromagnetic deflections (dashed line).
This suggests that reconstructing the luminosity spectrum in this way enables measuring the
amount of beamstrahlung emitted and infering a correction for the corresponding part of the BHSE,
independent of the electromagnetic deflections. However, it also means that this method does not
allow probing electromagnetic deflections experimentally.
In the following, the accuracy with which the luminosity spectrum should be measured for a
given luminosity precision is considered to illustrate the potential of the method.
4.1 Expected reconstruction accuracy
A description of the on-going R&D on Forward Calorimeters at the ILC can be found in the refer-
ence [2]. Depending on the readout technology, polar angles are expected to be measured with an
error σθ between 0.031 mrad and 0.13 mrad. The sensitivity of the luminosity spectrum measure-
ment was estimated by adding a Gaussian error to the polar angle of each final state particle used
in the reconstruction, using the larger of these two values. The result is shown in figure 8.
It was found that a σθ of 0.13 mrad induces only a small error on the luminosity spectrum
reconstruction, with its mean value, < xrec >, being shifted by only 5 ·10−4.
4.2 Required reconstruction accuracy to control the BHSE
The magnitude of the bias on the luminosity measurement induced by beam-beam effects depends
on the amount of beamstrahlung emitted during collisions, which in turn can be expected to vary
with beam parameters. The luminosity spectrum, which can be reconstructed by measuring the
Bhabha events in the LumiCal, is directly related to the beamstrahlung and can be used to mon-
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Figure 8. Reconstructed luminosity spectrum from final state particle polar angles, with (continuous line)
and without (dashed line) adding a Gaussian error with σθ = 0.13 mrad.
σx[nm] L [1034cm−2s−1] < xrec > BHSE [%]
555 2.5 0.976 -2.22
755 1.7 0.980 -1.14
∆ 4 ·10−3 10−2
Table 4. Luminosity L , reconstructed luminosity spectrum mean value < xrec > and magnitude of BHSE
for two values of the colliding bunch width, σx. ∆ is the difference between the values found for the two
bunch widths. The samples used correspond approximately to a luminosity of 0.1 f b−1. The associated
statistical uncertainty on the mean value of the luminosity spectrum reconstruction within the cuts of the
analysis is about 6 ·10−5.
itor the variations. The precision with which the luminosity spectrum (or its mean value) can be
reconstructed should be compared to the expected impact of typical beam parameter variations.
To obtain an estimate in a simple way, two simulations were performed modifying the widths
of the colliding bunches from the Nominal value listed in table 1 to σx = 555 nm and σx = 755 nm.
The corresponding reconstructed luminosity spectra are displayed in figure 9 and the impact of
these changes on the luminosity, on the average of the luminosity spectrum and on the BHSE are
listed in table 4. From the values listed can be inferred that to maintain the bias on the integrated lu-
minosity measurement below 10−3, variations in the reconstructed luminosity spectrum need to be
known with a precision of 4 ·10−4. This is reasonably well matched to the expected reconstruction
accuracy of 5 · 10−4 estimated above for this measurement. Improved sensitivity to beam param-
eter variations could also in principle be obtained by fitting the shapes of the different luminosity
spectra [11]. Moreover the detector resolutions will in practice also be known at some level, which
can improve the accuracy of the luminosity reconstruction.
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Figure 9. Reconstructed luminosity spectra from the final state particle polar angles, considering colliding
bunch widths of 555 nm (continuous line) and 755 nm (dashed line).
5. Sensitivity to beam parameters
5.1 Varying spot sizes and offsets at the interaction point
In this section, the sensitivity of the BHSE to bunch parameters at the collision point and the
residual dependencies which can be expected after correcting for the main contribution arising from
beamstrahlung (emitted by the interacting particles prior to the Bhabha scattering) are discussed.
An example worth highlighting is the proposed Low Power beam parameters listed in table 1.
The BHSE is much more important in this case compared to Nominal parameters (see table 3),
reaching −6.70% for the combined effects of beamstrahlung (−5.51%) and electromagnetic de-
flections (−1.25%), after applying the improved selection cuts described in section 3.3.1.
During operation of the ILC, bunch sizes and alignment at the interaction point can be ex-
pected to vary over time, due to dynamical imperfections in the acceleration and optical transport
and through injection errors. Dedicated feedback control loops are included in the ILC design to
maintain the bunch parameters constant within appropriate tolerances [12]. In this context, it is
interesting to evaluate the precision needed on the knowledge of the main parameters to keep the
BHSE within a given level of accuracy. Below, the variation of the different components of the
BHSE is shown when changing one bunch parameter at the time and keeping the others fixed.
5.1.1 Transverse bunch offsets and vertical size at the interaction point
Transverse offsets at the interaction point lead to minor changes in the BHSE. This relative insen-
sitivity is illustrated in the left-hand side of the figure 10 for offsets up to 1.5 times the transverse
bunch size, covering the range over which a useful luminosity can be produced. Similarly, the
BHSE is rather insensitive to the vertical size σy of the bunches. This is shown in the right-hand
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Figure 10. Bhabha suppression effect as function of horizontal (thin lines) and vertical (thick lines) offsets
of the beams at the interaction point (left) and of the vertical bunch size (right). The contributions due to
beamstrahlung (full line) and electromagnetic deflections (dashed line) are shown as well as the combined
effect (top dotted line).
side of the figure 10. Finally it was also checked that the BHSE is insensitive to longitudinal shifts
of the beam waist.
5.1.2 Bunch length and horizontal size at the interaction point
On the other hand, the BHSE has a strong dependence on both the bunch length σz and horizontal
size σx, as those parameters are directly related to the beamstrahlung emission. The behaviour is
shown in figure 11. From the non-linear curves can be estimated the uncertainty on the BHSE
resulting from a given precision assumed in the knowledge of σz and σx. The values obtained are
displayed in table 5, both separately for the two contributions to the BHSE, and globally. It should
be noted that the two effects can be added up independently, since most events radiate very little
energy and are hence deflected similarly. This can be seen clearly in figure 11, where the global
effect is the sum of the two contributions over the whole range.
The main uncertainty on the BHSE arises through the contribution from beamstrahlung. This
part can in principle be measured and corrected from the luminosity spectrum reconstruction de-
scribed in section 4. The residual uncertainty which remains after such a procedure comes from
the contributions of electromagnetic deflections. As an example, to limit the error on the BHSE
from this part to about 10−3, a precision at the 20% level is needed on the knowledge of σz and σx.
It is worth noticing that although the magnitude of the dependence with σx and σz of each of the
contribution of the BHSE is not the same, some bounds can still be inferred for the contribution
from electromagnetic deflections, since both effects go in the same direction.
5.2 Energy dependence
ILC should allow physics runs initially for energies between the Z boson mass and
√
s = 500 GeV [13].
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Figure 11. Bhabha suppression effect as a function of σz (left) and σx (right). The contributions due to
beamstrahlung (full line) and electromagnetic deflections (dashed line) are shown as well as the combined




20% −0.40 −0.15 −0.50
+0.25 +0.10 +0.30
10% −0.20 −0.07 −0.25
+0.15 +0.05 +0.15





20% −1.10 −0.10 −1.20
+0.35 +0.08 +0.40
10% −0.40 −0.04 −0.45
+0.20 +0.04 +0.25
5% −0.20 −0.02 −0.20
+0.10 +0.02 +0.10
Table 5. Absolute errors on the BHSE due to increasing levels of uncertainty in the bunch length σz and hor-
izontal size σx. Statistical errors (not shown) are similar as in table 3. The contributions from beamstrahlung
and electromagnetic deflections, labelled respectively BS and EM, are shown separately in the second and
third columns.
In this energy range beam-beam effects are strongly modified. For a flat beam, the mean relative






ε∗x βxσz . (5.1)
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where N is the number of particles per bunch, HD the disruption parameter, ε∗x,y = γεx,y are the
normalised emittances, γ the Lorentz factor, Pbeam the beam power and where βy = σz has been
assumed in the derivation of the last expression [6]. The dependence of BHSE with energy is
shown on the left-hand side of figure 12, in the assumption that all optical parameters and the
bunch length and intensity are kept constant. In this case the luminosity and beamstrahlung vary
linearly and quadratically with energy, respectively. At the lower end of the energy range, the
beamstrahlung contribution to the BHSE decreases to a few 10−4. But on the other hand, electro-
magnetic deflections become rapidly stronger, dominating the bias below 400 GeV.
Another case of interest is to try maintaining a constant luminosity with energy. This may be
useful for some specific physics studies. One way to achieve this is to scale βx, βy and σz linearly
with energy, in order to maintain the mean relative beamstrahlung energy loss, δ , constant. Within
the planned range of ILC beam parameters [12], this is expected to be feasible for reductions
by about a factor two at most. The corresponding results are shown on the right-hand side of
figure 12. In this case the bias on the Bhabha counting rate due to electromagnetic deflections
becomes dominant under 300 GeV and reaches several percent at low energy.
6. Conclusion
Beam-beam interactions at the collision point of linear colliders are the place of several well known
quantum phenomena, such as the Bhabha scattering used to measure the most important interaction
parameter: the luminosity.
In this study, it was shown, for the first time, that taking into account beam-beam interactions,
the precise knowledge of the theoretical cross section is no longer sufficient to measure the lumi-
nosity with high precision (better than 10−3), because strong collective effects modify drastically
the kinematics of the Bhabha process. The first changes come from beamstrahlung, which induces
a perturbation of the initial state. A second set of transformations arises from electromagnetic
deflections which modify the kinematical phase space of the scattered Bhabha events. Using the
beam-beam interaction simulation tool GUINEA-PIG, it was estimated that the bias induced on the
luminosity measurement at low angle is about −0.015 for the Nominal beam parameter set. Two
thirds of this bias are due to beamstrahlung emissions.
Both beamstrahlung emissions and electromagnetic deflections vary with the bunch length, σz,
the horizontal size, σx, and the energy of the collision, and hence also the resulting biases on the
integrated luminosity. Reconstructing the luminosity spectrum from the scattered Bhabha angles
provides a good way to measure the amount of beamstrahlung, and thus to predict the correspond-
ing contribution to the bias, because the electromagnetic deflections do not modify significantly
this spectrum. The expected experimental precision on polar angle measurements should enable
reaching an accuracy of 5 ·10−4 for the mean value of the luminosity spectrum. This is enough to
control the part of the luminosity bias from beamstrahlung at the 10−3 level. A fitting method, as
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Figure 12. Bhabha suppression effect as a function of energy, keeping all optical parameters constant
(left) and keeping the luminosity constant (right). The contributions due to beamstrahlung (thin line) and
electromagnetic deflections (dashed line) are shown as well as the combined effect (top thick line).
the one suggested in [11], may allow to improve further on this. Once this is done, controlling σx
and σz at the 20% level around the nominal values is enough to limit the remaining contribution to
the luminosity bias, from the deflections, to 10−3.
Unlike the beamstrahlung emissions, no direct way to control experimentally the bias from
the electromagnetic deflections is available from the data. Nevertheless, it can be noted that the
disruption angle is proportional to the inverse of the transverse beam size. Hence, measurements
of the beam angular divergence in the extraction line could provide a good way to monitor the
luminosity bias from variations in σx. The dependence on σz would however have to be controled in
some other way. Further studies are needed on this point. Numerical simulations such as GUINEA-
PIG [6] and CAIN [14] are essential estimation tools in all of this. A practical implementation to
compute all these effects is available at [15] to this end.
In particular, physics running on the Z boson resonance is planned as an option in the ILC
program (the GigaZ option). The accuracy on the luminosity is specified to be 10−4 in this case,
while the bias from the electromagnetic deflections is at least a hundred times larger. Further more
complete studies will then be particularly important, to explore all relevant dependencies and to
devise appropriate data-driven correction methods.
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